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D ESPITE numerous contributions on the subjects of atherosclerosis and arteriosclerosis, surprisingly little is known about the metabolism of the artery and its response to different conditions. Since changes in metabolic pattern may affect or even precede the development of pathologic, degenerative phenomena of the arterial wall, an extension of investigations in this field seems necessary.
Briggs et al. 1 have measured the oxygen uptake of rat aorta, and Christie et al. 2 have found that oxygen uptake is always higher in thoracic aorta than in abdominal aorta. The above authors state that the abdominal part is more prone to atherosclerosis. In the present communication, the metabolism of the aortic wall was investigated in rats. The effects of age, sex, special diets, and hormones on metabolism of aortic wall were studied.
Methods
The experiments were carried out on locally bred male albino rats which attain their mature weight of about 250 Gm. in 6 to 7 months. Groups of animals, 7 to 8 weeks old, weighing 100 to 120 Gm. were called "young" rats, and those not less than 1 year old, weighing about 300 Gm., were called "old" rats. Both groups were kept at the same temperature and fed the same stock diet for at least 1 month before the experiment. Food was withheld on the evening preceding the day of sacrifice.
The rats were anesthetized by intraperitoneal injection of pentobarbital. The blood was collected by scission of the abdominal aorta and vein, cooled on ice, and the serum was separated promptly by eentrifugation. The aorta was removed together with the heart and dissected free from the surrounding connective tissue. A segment was cut from the arch to the level of the renal artery branching, opened lengthwise and rinsed in icecold saline, as prepared by Itzhaki and Wertheimer. 3 Krebs-Ringer phosphate medium, pH 7.4, was prepared as described previously by Itzhaki and "Wertheimer. 3 Before the incubation, glucose was dissolved to the concentration of 0.2 per cent (w/v). The glucose concentration of the serum was also brought to a similar level by the addition of 1 mg. glucose/1 ml. serum. For experiments with insulin, the medium of Gey and Gey 4 was employed.
Each tissue was incubated in 1 ml. of medium. Tissues incubated in serum were not derived from the same animal but were obtained from another rat belonging to the similarly treated experimental group. This procedure was adopted in order to reduce the length of time elapsing from the sacrifice of the animals and the start of incubation. It was our experience that if a time span of 20 minutes is exceeded the serum assumes, at room temperature, an enhancing activity on the tissue respiration.
Oxygen uptake was measured at 37 C. by the direct Warburg method. 5 Readings were continued for 2% hours. Medium glucose was determined according to Somogyi 6 and lactic acid according to Barker and Summerson. 7 Tissue glycogen was measured by the method of Good, Kramer and Somogyi. 8 Only the amount of glycogen at the end of the experiment could be estimated. Serum cholesterol was determined with the procedure of Kaye. 9 Hypercholesteremia was induced in rats by intraperitoneal injections of Triton WR 1339, 100 mg./lOO Gm. body weight. The animals were sacrificed after 40 hours. 10 Diabetes was produced by a single intravenous injection of alloxan (6.5 mg./lOO Gm.) or by 2 intraperitoneal injections (15 mg./lOO Gm.) given 2 days apart.
Protein-rich diet was composed of 80 per cent casein, 6 per cent carbohydrate and 10 per cent fat. Fat-rich diet contained 55 per cent of a specified fat and 41 per cent casein. Hypereholesteremic regimen with 0.3 per cent thiouracil in drinking water was given according to Fillios et al. 11 Control diet included 70 per cent carbohydrate, 20 per cent casein and 10 per cent fat, except for hypereholesteremie control diet, which was composed of Purina Chow and 0.3 per cent thiouracil in drinking water. All diets were supplemented by a 4 per cent salt mixture and vitamins.
For the sake of brevity, the following abbreviations have been employed: young aorta is aorta taken from a young rat; old aorta, aorta taken from an old rat; young serum, serum taken from a young rat; old serum, serum taken from an old rat; human serum, serum taken from specially chosen persons known to be in good health; young human serum, serum taken from persons of an average age group of 30 years; and old human serum, serum taken from persons of an average age group of 70 years.
It is important to state that no clear differences were obtained with slices, breis or hornogenates of aorta as is described with the whole aorta in this paper. The different layers of the aorta were there-fore not dissected, as any damage to the whole structure may influence the results. It follows that the experiments described cannot be compared to experiments done with aortic slices, breis or homogenates.
Results

Influence of Age and Sex on Oxygen Uptake of Bat Aorta
In KRP medium the oxygen uptake of the aorta of young male rats is significantly higher than that of old rats. Similar differences were found when young aortas incubated in serum of young rats were contrasted with old aortas incubated in serum of old rats (table 1) . When female rats were used as donors of the aorta and serum, same differences in oxygen uptake were recorded only in postmenopausal animals (weighing above 250 Gm.), while in young females (weighing less than 250 Gm.) much smaller differences were seen (table 2) . If the male aorta is incubated in young serum the oxygen uptake is always high, and if it is incubated in old serum it is low, independent of the age of the aorta (table 1) . If male human sera were used as medium for a young rat aorta, again age differences in oxygen uptake were found, while with female human (table  3) . These results seem to indicate that the rate of respiration of rat aorta is not only determined by the age of the donor aorta but that it may be influenced by the age and sex of the donor of the incubation serum.
Influence of Age and Sex on Glucose Uptake of Rat Aorta
The glucose uptake of young male aortas is not significantly higher than that of old aorta in KRP medium. But the glucose uptake rises when serum of young rats is used as medium. In serum of old rats, the glucose uptake is low irrespective of the age of aortas tested. These differences are highly significant (table 4). Female rats also show differences in glucose uptake with age; these differences are slightly larger in old, postmenopausal females (table 2) . When a standard rat aorta preparation is tested with male human serum, clear-cut age differences are seen, while with female serum no such differences are observed (table 3) .
Anaerobic lactic acid formation of young aorta is significantly greater in serum of old rats than in serum of young rats [0.47 ± 0.16 as compared to 0.34 ± 0.02: rag. lactic acid increase/100 nig. wet tissue/2V^ hr. (P<0.01)] ; in KRP no significant differences were seen. We have no explanation that young rat aorta incubated in old serum caused an increase in anaerobic lactic acid formation, but under aerobic conditions a reduction in glucose uptake is seen.
Influence of Certain Diets on the Metabolism of the Bat Aorta
In preliminary experiments, a diet containing 55 per cent butter fat reduces significantly the oxygen and glucose uptake of the rat aorta; the full effect is noted after 6 to 8 weeks of alimentation, while at 3 weeks only the glucose uptake is reduced. If, instead of butter fat, soya oil is given for 6 weeks, no significant changes occur in both parameters. Rats which after 6 weeks of butter-fat diet received soya oil may have their aortic oxygen and glucose uptakes restored to normal levels only 6 weeks after the diet change. In a cholesterol-rich diet there was a decrease in the aortic glucose up-Circulation Research, Volume IX. January 1061 take. In an acute Triton injection, the changes seen did not appear to be significant. In animals maintained for 2 to 11 weeks on a regime with a high protein content (80 per cent) a clear decrease in oxygen uptake and a slight decrease in glucose uptake was seen (table 5).
Hormone Influence on the Metabolism of Rat Aorta
With hormones which may have a direct influence on the tonus of rat aorta, the following results were seen: On in vitro incubation of the tissue in the KRP medium, the addition of norepinephrine in an amount of 0.2 /xg./ml. produced a significant increase in the oxygen and glucose uptake and in glycogen synthesis. The glycogen value at the end of the experiment was, in the average of 15 experiments, in the control aorta 0.02 ± 0.0017 and in the aorta with norepinephrine 0.034 ± 0.002 mg./lOO mg. tissue (P < 0.01). When the amount of norepinephrine was reduced to 0.05 |ug./ml., the influence was not significant. The additions of epinephrine, ephedrine and also serotonin were without effects. On the other hand, acetylcholine and duracholine (1 to 2 fig./ml. ) significantly decreased the oxygen and glucose uptake (table 6) .
Subcutaneous injection of norepinephrine, 20 /xg./lOO Gm. body weight, increased significantly oxygen and glucose uptake, measured 2 hours after the administration of the hormone. Epinephrine, administered in the same amount and manner, had a similar effect after 45 minutes, although after 214 hours the effect was no longer seen. 
Us
Of special interest was the influence of alloxan diabetes and insulin on the metabolism of rat aorta. Alloxan-diabetie rats with an average blood sugar level of 136 mg. per cent after 20 hours fasting, and 400 mg. per cent after feeding, with no signs of ketosis, showed a slightly significant decrease in the oxygen uptake and a highly significant decrease of glucose uptake (table 7) .
Addition of insulin to rat aorta in Gey and Gey solution increased oxygen and glucose uptake of the aorta. The effect was more pronounced with old than with young rats. In KEP and in KE bicarbonate the insulin effect was not seen (table 8) .
Discussion
In order to compare the metabolic activity of the aorta with the activities of other tissues, one should bear in mind that on total weight basis the oxygen consumption of the aorta is one-tenth, and the glucose uptake is one-third to one-half that of the diaphragm.
The finding that in KRP medium the aorta of old rats consumes less oxygen than the aorta of young rats corroborates the results of Christie and Dahl. 2 However, from the data presented herein, it is seen that apart from the age of the aorta itself, there is another and perhaps more important factor in the serum of old and young rats influencing the metabolism of the aorta irrespective of its age. It cannot be said at present whether a factor of young rat serum which elevates the oxygen consumption is lost upon aging, or whether an inhibitor appears in the serum from old rats.
The differences in glucose uptake of the aorta, incubated in serum of young and old rats, are more prominent. The differences in this case are questionable when young or old aorta are incubated in KRP medium instead of corresponding serum. This observation stresses the importance of the serum factor effect on the metabolism of aorta.
In contrast to the results with male rats, the aging factor, although affecting the glucose uptake in premenopausal females, is not apparent with respect to oxygen consumption.
It is remarkable that the anaerobic lactic Circulation Research, Volume IX. January 1961 
Aorta Oxygen and Glucose Uptake in Alloxan-diabetic Hats Incubated in Corresponding Serum
Glucose uptake mg./2% hours/100 mg. Oxygen uptake A»l./2% hours/100 mg. 
(20) (9) acid formation is greater in old serum than in young serum. The sex and age differences in the serum influence described above seem to be characteristic for the metabolism of aortic tissue. The oxygen uptake of brain, spleen and liver is not affected by the age of the serum of the donor animal. A questionable effect exists in diaphragm and a fair effect of such serum on the oxygen uptake of the kidney.
From experiments with different diets which may affect the development of atherosclerosis, the lowering of glucose and oxygen uptake in the experiment with the high butter-fat diet is especially important because it is known that butter fat contains small amounts of un-saturated fatty acids. On the other hand, soyaoil diet, rich in unsaturated fatty acid, has no decreasing effect on both parameters studied. A cholesterol-rich diet with propylthiouracil which causes atherosclerosis in the rat decreased the metabolism in the aorta. 11 It must be mentioned, however, that in our experiments, propylthiouracil was supplemented also to the control rats because, as is known from the results of Briggs et al., 1 hypothyroidism per se may decrease the oxygen uptake of the aorta. This may be the cause of the low oxygen uptake of the control aorta as well.
Among the hormones added in vitro, nor-epinephrine is the only one that appears to exert an effect of the arterial tissue. According to Burn 12 it increases the tonus of the aorta, while epinephrine does not. Only norepinephrine was found in the aortic wall. It was found to specifically stimulate glycogen synthesis in the aorta. The effect of epinephrine in vivo, in our hands, may be due as well to an induced secretion of norepinephrine. Increased blood levels of the latter were found to be invariably associated with injections of epinephrine. 13 On the other hand, acetylcholine produces a clear-cut depression of oxygen and glucose uptakes of the aorta.
The strong decrease of glucose uptake in the aortas of mild alloxan-diabetic rats is an important example of the connection between a pathologic change in the general metabolism and the metabolism of the aortic tissue. On the other hand, the addition of insulin in vitro increases the carbohydrate metabolism of the rat aorta in a Gey and Gey medium. This connection between diabetes and aortic metabolism may be a bridge for understanding why most diabetic patients have atherosclerosis and why 50 per cent of these die of coronary sclerosis.
Judging from this metabolic behavior of the aorta and from the influence of age, sex, nutrition, and hormones in physiologic and pathologic states, it may be inferred that the aortic metabolism is in a specific manner included in the general body metabolism.
Summary
Oxygen uptake of aortas of young rats is higher than that of old rats in KRP solution. In serum of young rats, oxygen uptake and especially glucose uptake is higher than in serum of old rats in either young or old aortas. Anaerobic formation of lactic acid by the rat aorta is greater in serum of old rats than in serum of young rats. A fat-rich diet with 55 per cent butter fat, given for 6 weeks, significantly decreases oxygen and glucose uptake. This effect is not seen if soya oil is used instead of butter fat. A eholesterol-rich, atherosclerosis-producing diet decreases the glucose uptake. Norepinephrine, in vitro and in vivo, increases the oxygen and glucose uptake and the glycogen synthesis; epinephrine has no influence; acetylcholine decreases the oxygen and glucose uptake. The oxygen and glucose uptakes of aortic tissue from alloxandiabetic rats are lower than those from normal rats. Insulin in vitro increases oxygen and glucose uptake of the aorta in a Gey and Gey medium, this effect being greater in aorta of old rats.
